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ABSTRACT: Tryptophan 49 of antithrombin, the primary inhibitor of blood clotting proteinases, has
previously been implicated in binding the allosteric activator, heparin, by chemical modification and
mutagenesis studies. However, the X-ray cocrystal structure of the antithroperitasaccharide complex
shows that Trp49 does not contact the bound saccharide. Here, we provide a detailed thermodynamic and
kinetic characterization of heparin binding to a Trp49 to Lys variant of antithrombin and suggest a model
for how Trp49 participates in heparin binding and activation. Mutation of Trp49 to Lys resulted in
substantial losses of ¥24% in heparin-binding energy at pH 7140.15, and 25C. These losses were

due to both the loss of one ionic interaction30%) and the loss of nonionic interactions0%). Rapid
kinetics analyses showed that the mutation minimally affected the initial weak binding of heparin to
antithrombin or the rate constant for the subsequent conformational activation of the serpin. Rather, the
principal effect of the mutation was to increase the rate constant for reversal of the conformational activation
step by 76-100-fold, thereby destabilizing the activated conformation. This destabilization could be
accounted for by the disruption of a network of interactions involving Trp49, Glu50, and Lys53 of helix

A and Serl112 of helix P, which stabilizes the activated conformation.

Antithrombin, a plasma glycoprotein and a member of the conformational change mechanism, the binding of a specific
serpin superfamily of proteins, is a major inhibitor of several pentasaccharide sequence in heparin to antithrombin triggers
proteinases, especially thrombin and factor Xa, which play a conformational change in the inhibitor that alters the serpin
pivotal roles in the blood-clotting procesk @). Antithrom- core structure, including the reactive center loop (RCL)
bin inhibits these enzymes using the “suicide substrate”-like containing the reactive bond, resulting in exposure of
serpin inhibition mechanism that results in the formation of exosites, which greatly enhance its ability to recognize factor
a stoichiometric, covalent inhibitetenzyme complex3). Xa (9, 10). Unlike factor Xa, the acceleration in inhibition
However, antithrombin inhibition of procoagulant proteinases of thrombin is almost exclusively promoted by the formation
is extremely slow under physiological conditions with of a ternary complex between heparin, the inhibitor, and the
second-order rate constants approaching at modgt 10 enzyme, wherein the polysaccharide acts as a bridge on
M~is (4-6). which thrombin and antithrombin meeli—13). In this

Antithrombin’s physiologically insignificant rate of pro- ~@pproximation mechanism, the conformational change in-
teinase inhibition is greatly enhanced by heparin, a naturally duced in antithrombin serves to primarily afford a high-
occurring, highly sulfated, linear;4-linked copolymer of ~ affinity binding site to heparin and minimally to enhance
uronic acid and g|ucosamine residu@s&_ The acceleration the rate of the inhibition reaction. A similar mechanism also
brought about by polymeric heparin reache600—2000- plays an imp_ortant rolein fac_tor Xa inhibition in the presence
fold for factor Xa and~1000-4000-fold for thrombin , of physiologic levels of calcium ionsl4, 15). _ _
6). This acceleration is brought about through two distinct ~Major efforts have been directed to identify amino acids
mechanisms, a conformational change mechanism for factorthat influence antithrombin binding to heparin and activation

in complex with a high-affinity heparin pentasaccharide

reveals a number of positively charged residues in the
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Trp49 in Heparin Activation of Antithrombin

Ficure 1: Orientation of tryptophan 49 in the native state (A) and
allosterically activated state (B) of antithrombin. Shown are the
refined structures of free (A) and heparin pentasaccharide-com-
plexed (B) antithrombin taken from PDB files “1E05” and “1E03”
(http://www.rcsb.org/pdb), respectively. The side chains of impor-
tant residues of the heparin-binding site, Lys114, Lys125, and
Arg129 belonging to helix D, and the N-terminal A helix residues,

Arg47 and Trp49, as well as the heparin pentasaccharide (DEFGH),

are shown in ball-and-stick representation. The dashed line in both
A and B represents the unstructured region of the N-terminal end
of the polypeptide chain. For the purpose of this figure, the side
chains of Lys125 in 1E03 and Lys114 in 1E05 that are absent in
the crystal structure were engineered into the inhibitor and the
structure was minimized. Note that Trp49 is oriented away from

and does not contact the cofactor, heparin pentasaccharide, in the

complex.

Arg24, Arg46, Argd7, Lysl114, Lys125, Argl29, Argl32,

Lys133, and Argl36. Of these, mutagenesis studies showcally usingA'%,go =
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that Lys114, Lys125, and Arg129 contribute most of the free
energy of binding to the hepartrantithrombin interaction
(Figure 1) (7—20) and more importantly constitute the core
of a network of cooperative interactions.

Detailed biochemical studies show that, although the
heparin-antithrombin interaction appears to be primarily
electrostatic, a significant component60%, of the binding
energy arises from nonionic forceglj. Several nonionic
residues, including Pro4l, Trp49, Leu99, Serll6, and
GInl118, present near the binding site are known to introduce
a heparin-binding defect when mutat@@<{27). Tryptophan
49 was one of the first residues suggested to play an
important role in heparin binding to antithrombin based on
the effects of chemical modification of this resid@8,(24).
Subsequent studies of a recombinant Trp49Lys antithrombin
variant showed that Trp49 contributed-83% to the total
binding energy, from which it was concluded that Trp49 was
a heparin contact residu28). However, the X-ray crystal
structure of the antithrombinpentasaccharide complex later
showed that Trp49 points away from the pentasaccharide
(16) and is not in direct contact with the activator (Figure
1). Recent crystal structure of the heparin-bound intermediate
state also indicates that Trp49 is not in the vicinity of the
pentasaccharide in the initial binding proce&8)( These
studies raise questions on the functional role of Trp49 residue
in heparin activation of antithrombin.

We have characterized in detail the thermodynamics and
kinetics of heparin binding and activation of Trp49Lys
antithrombin to better understand the role of Trp49 in heparin
activation of the inhibitor. Our results suggest that Trp49
plays an important role in mediating the conformational
changes in the heparin-binding site, which are required for
high-affinity heparin binding and antithrombin activation.
Mutation of Trp49 thus reduces heparin-binding affinity
principally by destabilizing the activated antithrombin con-
formation. The X-ray structures of free and heparin-bound
antithrombin reveal that Trp49 is part of a conformational
switch involving Glu50, Lys53, and Ser112, which mediates
structural changes in helix A and promotes the formation of
helix P. All residues involved in this conformational switch
are highly conserved among vertebrate antithromhiaas,
consistent with an important role in stabilizing the activated
conformation. These findings provide new insights into the
mechanism of heparin binding and activation of antithrombin.

EXPERIMENTAL PROCEDURES

Proteins and HeparinsTwo recombinant antithrombins,
W49K and N135Q, were expressed in baby hamster kidney
(BHK) cells as described previousl$1, 32). The previously
characterized N135Q antithrombin variant served as the wild-
type control. The purification essentially followed the
protocol developed for plasma antithrombin, which includes
heparin-Sepharose affinity and anion-exchange and size-
exclusion chromatographies to isolate monomeric forms of
the inhibitor variants4). Whereas the high heparin-affinity
glycoform of N135Q antithrombin eluted at1.5-1.7 M
NacCl, the comparable glycoform of W49K protein eluted at
0.9 M NaCl concentration. Both N135Q and W49K
antithrombin glycoforms lack a carbohydrate chain at the
N135 position, thus resembling plasihantithrombin 83).
Protein concentrations were determined spectrophotometri-
6.5 for N135Q and a calculate®t”,g,

~
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of 5.5 for W49K antithrombin based on the loss of one independent dissociation constantis the total number of
tryptophan out of four in the protein. Full-length heparin with charge-charge interactions involved in the association of
a high affinity for antithrombin and with a highly reduced the protein with heparin, angl is the fraction of monovalent
polydispersity and average molecular mass of 8000-£26( counterions bound per heparin ionic charge that are released
saccharide units) was isolated from commercial heparin by upon protein bindingZ1, 35, 36). Least-squares regression
size and affinity fractionation as described previoudh2(, analysis yielded the nonionic component of the binding
34). The synthetic antithrombin-binding pentasaccharide, energy from the intercept, 1084 nonionic @nd the value o
DEFGH, was generously provided by Maurice Petitou from the slope after dividing by the value of 0.8 fpr(35).
(Sanofi Recherche, Toulouse, France). Stopped-Flow Kinetics of Heparin Bindinghe kinetics
Stoichiometry of Inhibition (SI)The stoichiometry of  of high-affinity heparin and pentasaccharide binding to
antithrombin inhibition of thrombin was measured as previ- variant N135Q antithrombin and W49K antithrombin were
ously described to ascertain the proportion of active inhibitor analyzed at 25°C, pH 7.4, andl 0.15 in an SX-17MV
in the recombinant antithrombin preparatiods. Briefly, stopped-flow apparatus (Applied Photophysics, Leatherhead,
recombinant antithrombin was added to identical samples U.K.), essentially as described earlied(37). Binding was
of thrombin (10-200 nM) to give molar ratios of inhibitor/  followed by the increase of tryptophan fluorescence emission

proteinase ranging from 0 to 5. After incubation for 3 using an emission cutoff filter at 310 nMef = 280 nm).
h, residual thrombin activity was determined spectrophoto- Pseudo-first-order conditions were achieved by employing
metrically from the initial rate of hydrolysis of 100M at least a 10-fold molar ratio of heparin (or pentasaccharide)

S-2238 substrate (Chromogenix, Franklin, OH)Ijr0.15 to antithrombin. Nonlinear regression fitting of the progress
buffer and pH 7.4. Linear regression fitting of the residual curves with a single-exponential function yielded the ob-
thrombin activities as a function of the molar ratio of the served pseudo-first-order rate constakts measured at
inhibitor/enzyme yielded the Sl from the abscissa intercept various concentrations of heparin or pentasaccharide. For
(4). Sl values ranged from 1.2 to 1.8 and 1.2 to 1.9 for the each set of concentrations, approximately 10 reaction traces
N135Q and W49K mutants, respectively. Typically, higher were collected for about-35 half-lives and averaged.
activity preparations with Sl values closer to 1 were used Kinetics of Proteinase Inactation. Second-order rate
for equilibrium binding titrations. S| values greater than 1 constants for inhibition of proteinases by the antithrombin
were accounted for by the presence of the inactive latentvariants N135Q and W49K alone as well as in the presence
form in both recombinant proteins, as judged by SIPAGE, of high-affinity heparin and pentasaccharide were determined
and not because of an intrinsic loss of inhibitory function. under pseudo-first-order conditions with catalytic amounts
Sl values were used to calculate the concentration of activeof saccharides at 2%C; pH 7.4, and 0.15, as previously
inhibitor for kinetic analyses of factor Xa and thrombin inhib- described4). Reaction solutions of 106L containing 25-
ition. For the W49K mutant, the Sl values correlated well 100 nM antithrombin, 65 nM heparin, and 520 nM
with the stoichiometry of heparin binding as determined in protease were quenched by adding Z080S-2238 or 106
fluorescence titrations performed at inhibitor concentrations 200 uM Spectrozyme FXa (American Diagnostica, Green-
much greater than the, for the interaction (see below wich, CT) for thrombin and factor Xa, respectively. The
Experimental Condition€Experiments were performed at  residual enzymatic activity, monitored at various time
25°C in 20 mM sodium phosphate buffer, adjusted to either intervals, was obtained spectrophotometrically.( = 405
pH 6.0 or 7.4, containing 0.1 mM EDTA and 0.1% (w/v) nm) from the initial rate of substrate cleavage. The decrease
PEG8000. NaCl was added to achieve higher ionic strengths.in residual enzyme activity as a function of time was fitted
The ionic strength of the buffer under these conditions in to a single-exponential equation to give the pseudo-first-order
the absence of any added salt was 0.025 (pH 6.0) and 0.05ate constantki,g oOf proteinase inhibition. Second order-
(pH 7.4). rate constantskuncas fOr the reactions between proteinases
Equilibrium Binding TitrationsDissociation constant() and antithrombin variants alone were calculated from the
for the interaction between antithrombin mutants, N135Q ratio of kondantithrombin concentration. In the presence of
and W49K, and full-length heparin as well as heparin saccharides, the second-order rate constants for the uncata-
pentasaccharide were determined by direct equilibrium lyzed and catalyzed protease inhibitiokincar and Kac
binding measurements at 2& and pH 7.4 or 6.0. Anti-  respectively, were determined from the intercept of yhe
thrombin variants were titrated with solutions of the sac- axis (kunca) and the slopelc) of the plot ofksps versus the
charides up to a saturation of 895% using the increase in  saccharide concentration according to eq 1
intrinsic protein fluorescence at 340 nm on a SLM 8000C
spectrofluorometer (SLM Instruments, Rochester, NY). Ti- [AT] o[H],
trations were performed in duplicate. The recorded changes Kobs = Kuncal AT] o - kact[/_\-r] +K (1)
in fluorescence in heparin-binding titrations were fitted to ° d
the quadratic equilibrium binding equation using a 1:1 \here [AT}, and [H}, are the initial concentrations of
binding st0|ch|on_1etry as prew_ou_sly des_crlb_e!;i 21). antithrombin variants and heparin (or pentasaccharide),
To resolve the ionic and nonionic contributions to the total respectively, anéq is the observed equilibrium dissociation

binding energy, titrations were performed in buffers of constant of the antithrombirheparin interaction.
different ionic strengths, as decribed earli2t,(32). Briefly,

the contributions were obtained using the linear dependenceRESU'-TS

of the logarithm of the observed dissociation constEgt) Affinity of Heparin Binding by Fluorescence Titrations
on the logarithm of [N&] according to the equation Idgy obs Fluorescence titrations of high-affinity heparin and pentasac-
= log Ka nonionic + Z log [Na'], whereKg nonionicis the salt- charide binding to antithrombin mutants N135Q and W49K
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Table 1: Equilibrium Dissociation Constantssf, Maximal Fluorescence Enhancemems-{.,), and Heparin-Independent and -Dependent
Factor Xa and Thrombin Inhibition Rate Constarig.d:andkac) for the Interaction of Full-Length Heparin (HAH) and Heparin
Pentasaccharide (H5) with W49K and Control Recombinant Antithroribins

Kuncat Kact acceleration
Kg AFmax factor Xa thrombin factor Xa thrombin

heparin AT condition (nM) (%) (mMM~ts?) (MM 1ts?l) (MM 1is?) [10° x (MMtsY) KacfKuncat
HAH WA49K pH 7.4,1 0.15 21+ 4 36+ 4 9.8+ 0.8 18.0+ 1.0 1840+ 180
HAH N135Q pH7.4]0.15 0.7+ 0.7° 40+ 4 9.2+ 0.4 13.0+ 1.C¢ 1413+ 170
H5 W49K  pH7.410.15 257+44 31+4 5.9+05 900+ 270 1524 58
H5 N135Q pH 7.4]0.15 2.0+ 0.4 35+ 2 454+ 0.1° 460+ 60° 102+ 16
H5 W49K  pH 6.0,1 0.02 17+£5 2642

H5 N135Q pH6.0/0.02 ~4x 10°6¢ 3143

a See the Experimental Procedures for a description of how these parameters were determined. All errors+dp8&séralculated from the
salt dependence g qnsfor the HAH—N135Q antithrombin interaction, which was found to have a slope oft4®B2 and an intercept of5.4
=+ 0.1.°Taken from Chuang, Y.-J., Gettins, P. G. W., and Olson, S. T. (12Bipl. Chem. 27428142-28149.9 Calculated from the salt dependence
of Kg,ons for the H5-N135Q antithrombin interaction (see Table 2).

were performed as previously done with other antithrombin thrombin at pH 7.4 were found to be 21 and 257 nM,
mutants. The binding of heparin (or pentasaccharide) givesrespectively (Table 1). The correspondiigvalues for these
rise to an overall increase in intrinsic tryptophan fluorescence saccharides interacting with the reference, N135Q, anti-
of approximately 36-40%, resulting from changes in the thrombin were 0.7 and 2 nM, which were calculated from
environment of all four Trp residues, W49, W189, W225, salt dependence studies (see below and the caption of Table
and W307, caused by conformational activati8)( This 1). Replacement of Trp49 with Lys, thus, results in a 30-
increase is saturable and can be fit to a quadratic bindingfold weakening of antithrombin-binding affinity for full-
equation to yield the equilibrium dissociation const&it length heparin and a 130-fold weakening of the affinity for
of the interaction 4). pentasaccharide, corresponding to standard free energy of
Table 1 summarizes the binding affinity and maximal binding defects AAG® = —RT In(Kgwaox/Kanissg Of 2.0
fluorescence changes observed at pH 7.4 and 6.0. Whereaand 2.9 kcal/mol, respectively.
the N135Q wild-type antithrombin control showed-340% lonic Strength Dependence of Pentasaccharide Binding.
increases in fluorescence, the W49K variant antithrombin The binding of the heparin pentasaccharide to antithrombin in-
showed 26-36% increases (Figure 2). The contribution of volves an ion-exchange process (Scheme 1), in which the for-
W49 to the intrinsic tryptophan fluorescence of wild-type
antithrombin is 8 and 12% in the unactivated and heparin-
activated states, respectivel@lj. On the basis of these ATZ++H Ky AT'H+Z9M™*
contributions, it can be predicted that the fluorescence
enhancement accompanying heparin binding to W49K an- mation ofZ electrostatic interactions is accompanied by a dis-
tithrombin will decrease to 85% of that of the wild-type placement ofPM* counterions from the polyelectrolyt8g)
inhibitor. Our results therefore suggest that heparin induces N
a normal fluorescence enhancement in W49K antithrombin. log Ky obs= 109 Ky nonionict Z¥ log [Na™]  (2)
Equilibrium dissociation constantK{) for full-length
heparin and pentasaccharide interacting with W49K anti-

Scheme 1

Here, W is the effective fraction of counterionsvbound
to the pentasaccharide molecule per negative charge, which
has been calculated to be 0.8 from the linear charge density

40
of heparin 84). Thus, the observed equilibrium constant
35 (Kaond is highly dependent on the ionic strength of the
__ 30 medium and can be described by the linear €882, (vherein
§ 25 Kd.nonioniciS the nonionic contribution to the overall binding
affinity. Therefore, the slope of a double logarithmic plot of
S Ka,0bs versus [Na] provides the number of salt bridge®)(
E 15 formed in the interaction, and the intercept on the ordinate
N L axis yieIdsK(_j,m,m(,me _ o
To determine the effect of the W49K mutation on the ionic
5 and nonionic interactions involved in pentasaccharide bind-
0 e ing, .the dissociation_ constgnK&obg for pentasaccharidg
00 04 08 12 16 20 binding to W49K antithrombin was measured as a function
. of the ionic strength of the buffer. Figure 3 shows the graph
[heparin]g  (uM) of log Kg,obs versus log [N&] at pH 7.4 and 6.0. Linear

FIGURE 2: Fluorescence titrations of Trp49Lys antithrombin with  regression fits of the data ga¥eand l0gKg nonionicvalues of
high-affinity heparin (HAH M) and pentasaccharide (H®) at pH 4.0+ 0.2 and—3.8+ 0.2 at pH 7.4 and 5.9 0.6 and—3.8
7.4,10.15; and 25°C. Titrations were performed as described in | 2 4t pH 6.0 for the W49K pentasaccharide interaction.

the experimental part, and fluorescence changes were fit to the . o
guadratic binding equation assuming a 1:1 interactiont¢ obtain The corresponding and logKd nonionicvalues for N135Q were

the equilibrium dissociation constant for the antithrombinfactor 5.0+ 0.1and-5.2+ 0.0 at pH 7.4 and 5.8 0.4 and—5.9
interaction Kqob9 and maximum fluorescence changeF(ay). 4+ 0.1, respectively, at pH 6.0. These data indicate that
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Table 2: lonic and Nonionic Interaction Parameters for W49K and Wild-Type N135Q Antithrombins Interacting with Heparin Pentasaccharide

Kd,nonionic AGi%nic AGﬁonionic
pH z (uM) (kcal/mol) (kcal/mol)
W49K 7.4 4.0+ 0.2 158+ 27 —3.8 —5.2
N135Q 7.4 5.6t 0.1 6.3+ 0.3 —4.8 7.1
W49K 6.0 5.9+ 0.6 158+ 27 —5.6 —-5.2
N135Q 6.0 5.8 04 1.3+0.1 —-55 —-8.1

a2 The number of sodium ions released in the overall binding of heparin pentasaccharide to antithr®in(gq,2) was obtained from the slopes
of double-logarithmic plots of observed dissociation constants (Figure 3) versus the sodium conceltiaigm.was obtained from the intercepts

of these plots. See the Experimental Procedures for details.

and ~6 ion-pair interactions contribute to the W49K anti-
thrombin—pentasaccharide interaction at pH 7.4 and 6.0,
respectively, while about 5 and 6 ion pairs contribute to the
N135Q antithrombirpentasaccharide interaction at these pH
values (Table 2). Thus, the mutation of W49 results in a
loss of nearly one chargesharge interaction at pH 7.4, while
at pH 6.0, this lost interaction is restored. The loss of an
ionic interaction at pH 7.4 contributes 1.0 kcal/mol to the
binding energy lossAG°, ) (Table 2).

The intercepts correspond to a nonionic binding affinity
of 158 uM for W49K antithrombin at both pH 7.4 and 6.0.
In contrast, theKy nonionic Values were 6.3 and 18V at pH
7.4 and 6.0, respectively, for the reference N135Q anti-
thrombin (Table 2). Thus, the mutation of the W49 residue
results in a loss of+25- and 120-fold in nonionic binding
affinity at pH 7.4 and 6.0, respectively. This corresponds to
substantial 1.9 and 2.9 kcal/mol reductions in nonionic
binding energy AAG® . ) at pH 7.4 and 6.0, respec-
tively, for the mutant W49K antithrombinpentasaccharide
interaction relative to the control inhibitor interaction. These

losses in nonionic binding energy correspond to 27 and 36%
decreases in the total free energy of binding at pH 7.4 and

6.0, respectively, associated with Trp49Lys mutation.
Rapid Kinetics of Heparin BindingBinding of heparin

(or pentasaccharide) to antithrombin has been shown to
follow an induced-fit mechanism, wherein a loose encounter

complex AT:H is formed first, which converts to a high-
affinity complex AT*:H via a change in the conformation
of the inhibitor (Scheme 2)2¢, 37).

In Scheme 2K; andK; are the equilibrium dissociation

constants for the initial recognition step and the subsequent

-5

-6 1

-7 4

log Kp ops (M)

-8

-9 R I L L L UL UL B
-14 12 -1.0 -08 -06 -04 -0.2 0.0

log [Na"] (M)

Ficure 3. Dependence of the equilibrium dissociation constant
(Kg,009 ON the concentration of Nafor pentasaccharide DEFGH
binding to N135Q [0 and®) and W49K (O and®) antithrombins

at pH 7.4 @ and®) and 6.0 @ andO). Solid lines represent the
linear regression fits of the data to eq 2. Error bars showntdre
SE.

Scheme 2

K/ KZ
AT+ H &< AT:H > AT*H

conformational change step, respectively. The initial recogni-
tion step is a rapid equilibrium step, while the conformational
change step can be resolved in an equilibrium involving
forward ;) and reversek(,) steps. The two-step reaction

is evidenced by a hyperbolic dependence of the observed
pseudo-first-order rate constamtdy on the activator con-
centration as shown in eq 3

k[Hlo

=0 4k
K,

©)

The dependence ofys on the full-length heparin or
pentasaccharide concentration for the binding of heparin to
W49K and N135Q antithrombins at pH 740.15; and 25
°C (Figure 4) was analyzed using eq 3 to yield the first-

[HS], (uM)

0 2 4 6 8
[HAH], (uM)

10 12

Ficure 4: Dependence of the pseudo-first-order rate constant
for pentasaccharide (A) and full-length high-affinity heparin (B)
binding to the N135Q0) and W49K antithrombin®) at pH 7.4,

1 0.15 and 25C. Solid lines represent nonlinear regression fits of
the data to eq 3 to give the rate constants for the forwigidapd
reverse reactiork(,) of antithrombin conformational activation and
the rapid equilibrium dissociation constant for the initial binding
step K,) (Table 3). Error bars shown arel SE.
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Table 3: Kinetic Constants for W49K and Control Recombinant
Antithrombins Interacting with Heparin Pentasaccharide (H5) and
Full-Length High-Affinity Heparin (HAH) at pH 7.4] 0.15 and 25
oca

Kl k2 k—z Kd,calcd Kd,obs
heparin AT (um) (s (s (nM)  (nM)
HAH  W49K 5.4+0.5 565+ 39 43+ 0.7 41 21
HAH  N135Q 9.8+0.8 887+ 56 0.063 net
H5 W49K 10.8+£ 2.2 439+33 11.44+0.2 278 257
H5 N135Q 10.9+1.3 580+ 47 0.1f nef

@ The equilibrium dissociation constant for the first stéfa)(and
the rate constants for the forwarl( and reversel{ ;) steps were
obtained by fitting the data of Figure 4 to eq 3 using nonlinear least-
squares analysis. All errors represetit SE.P Obtained by using the
first five data points of Figure 4 and fitting them to a linear equation
Kobs = Kon[H5]o + kott, Wherekos = k. ¢ Calculated from the equation
koo = Kd,ob{kz/Kl]- 4 Not applicable.

order rate constants for the forwarkh)(and reversek(,)

Biochemistry, Vol. 44, No. 35, 20091665

in previous studies4). In the absence of a catalyst, second-
order inhibition rate constants for W49K antithrombin
inhibiting thrombin and factor Xa were measured to be 9800
and 5900 Mis™, which correspond favorably with the
values measured for the reference N135Q inhibitor (Table
1). To determine whether heparin activation of antithrombin’s
inhibitory function is affected by mutation of the W49
residue, second-order rate constamtg)(for antithrombin
inhibition of thrombin and factor Xa were determined in the
presence of the full-length heparin or the pentasaccharide at
pH 7.4. The reason for employing different heparins was
that heparin accelerates the antithromktimmombin reaction

by bridging the two proteins in a ternary complex, whereas
it accelerates the antithrombitfiactor Xa reaction through

an allosteric activation of antithrombin brought about by the
sequence-specific pentasaccharide. The inhibition rate con-
stants Kac) were determined from the slope of thgsversus

the activator concentration plots, according to eq 1 in

reactions of the conformational activation step, as well as Experimental Procedures (Table 1). The full-length heparin

the equilibrium dissociation constagt for the initial binding
step (Table 3). For the control N135Q antithrombin reaction,
the reverse reaction rate constdag, was indistinguishable
from 0 and hence was calculated from the relationghip
= Kd,ob4k2/Kl)-

The rapid equilibrium dissociation constadi for the
recognition step was found to be 5#40.5 and 10.8t 2.2
uM for W49K antithrombin interacting with full-length

accelerated the W49K antithrombin reaction with thrombin
1840+ 180-fold relative to the uncatalyzed reaction, in close
agreement with the 1418- 170-fold acceleration of the
reference N135Q antithrombirthrombin reaction. The pen-
tasaccharide accelerated the reaction of W49K antithrombin
with factor Xa nearly 152+ 58-fold relative to the uncata-
lyzed rate, close to the acceleration of 182 16-fold
achieved for the N135Q antithrombifiactor Xa reaction

heparin and pentasaccharide, respectively, while it was 9.8(Table 1). Thus, the W49K mutation had no significant

+ 0.8 and 10.9t 1.3uM for N135Q antithrombin reactions
with the two respective heparins. Thus, mutation of Trp49
to Lys resulted in no effect on the recognition of the

pentasaccharide but a small 1.8-fold enhancement in affinity

of the recognition complex for the full-length heparin. The
rate constants for the forward conformational activatign
were 565+ 39 and 439+ 33 s'! for W49K interacting with

effects on either the uncatalyzed or heparin-catalyzed reac-
tions of antithrombin with thrombin and factor Xa.

DISCUSSION

The goal of the present study was to determine how Trp49
of antithrombin contributes to heparin binding and confor-
mational activation of the serpin without directly interacting

full-length heparin and pentasaccharide, respectively, while with heparin. Our studies have confirmed the significant

the corresponding values for N135Q antithrombin were 887
+ 56 and 580+ 47 sL. Thus, the rate constants for the
forward conformational change in the control N135Q anti-
thrombin reaction are 1-31.6-fold better than those observed
for the variant W49K antithrombin reaction. Finally, the rate
constants for reversal of the conformational chakgg were
found to be 4.3 and 11.4 5 for full-length heparin and
pentasaccharide binding to W49K antithrombin, respectively,
while the values were 0.06 and 0.1 srespectively, for the
binding of these heparins to N135Q antithrombin (Table 3).
Thus, in contrast t&; andk,, the rate constant for reversal
of the conformational changé ;) in W49K antithrombin
reactions is~68- and~104-fold higher than that in the
N135Q antithrombin reactions with full-length heparin and
pentasaccharide, respectively. Becaulsg controls the
dissociation of heparin from the serpik_f{ = ko), these
differences account for the majority of binding defects for

defect in heparin binding produced by mutating Trp49 to
Lys in antithrombin, which was shown in a previous study
(28). However, our results suggest that the actual binding
defect is larger than previously reported. Our studies with a
recombinanis-like form of antithrombin lacking carbohy-
drate at the N135 glycosylation site showed that the Trp49
mutation resulted in a 2.9 kcal/mol loss in pentasaccharide-
binding energy and 2.0 kcal/mol loss in full-length heparin-
binding energy representing +@4% of the total binding
energy at 0.15, pH 7.4, and 258C. This compares with the
lower 1.8 and 0.8 kcal/mol binding energy losses for
pentasaccharide and full-length heparin interactions with the
W49K recombinant antithrombin reported previously under
these conditions2@). Because the latter study was done
before it was realized that the recombinant protein expressed
in BHK cells consisted of three distinct glycoforms differing
in heparin affinity 89), the discrepancies between the past

heparin and pentasaccharide interacting with W49K anti- and current studies may reflect some heterogeneity in the
thrombin. These data illustrate that replacement of Trp49 wild-type and mutant antithrombin preparations employed
with Lys has a dominant effect on the second conformational in the past study. Whereas our studies were done with the
activation step of the two-step heparin-binding reaction.  purified highest affinity glycoform lacking carbohydrate at
Kinetics of Proteinase InhibitiarThe effect of the W49K ~ Asn135, the past study appears to have been done with a
mutation on the inhibitory activity of the serpin was preparation enriched in the dominant glycoform possessing
determined by measuring the second-order rate constants focarbohydrate at this site. Interestingly, our results confirm
antithrombin inhibition of thrombin and factor Xa in the the previous observation that the heparin-binding defect in
absence and presence of saccharide activators at pH 7.4, aé8/49K antithrombin is less when a full-length heparin is



11666 Biochemistry, Vol. 44, No. 35, 2005 Monien et al.

bound than when the pentasaccharide is bo@8). (This (17-19). It is also less important than Phel22, which
may be due to the ability of the longer heparin to directly indirectly contributes to heparin binding through nonionic
interact with the substituted lysine side chain and decreaseinteractions with the stems of the critical basic residues that
the overall binding defect, as was suggested previously. interact with the pentasaccharid®8). Trp49 nevertheless
Similar to the findings with other heparin-binding site plays a somewhat greater role than Lys11, Argl3, Arg24,
mutations in antithrombin, mutation of Trp49 did not affect Arg47, and Phel21, which individually contribute-98%
the ability of heparin to conformationally activate antithrom- of the total heparin-binding energy3@-42). However,
bin as judged from the essentially normal tryptophan because Trp49 is not a contact residue, its effect on heparin
fluorescence enhancement produced in W49K antithrombin binding must be indirect, as was previously found for Phe121,
by heparin. The normalcy of the observed fluorescence Phel22, and Arg24Q, 42). In fact, the effects of the W49K
enhancement was indicated on the basis of the establisheanutation on heparin binding are remarkably similar to those
contributions of the four tryptophans to the fluorescence of produced by the mutation of Arg24. Thus, the major effect
the native and activated conformational states of antithrombin of the latter mutation was to destabilize the activated
in previous studies31). W49K antithrombin also showed  antithrombin conformation by increasing the rate of reversal
normal rates of inhibition of thrombin and factor Xa, which  of the conformational activation step3). This destabiliza-
were accelerated by heparin to the same extents as the wildtion could be ascribed to a critical role of Arg24 in stabilizing
type inhibitor. The mutation thus does not appear to perturb the P helix whose formation in the activated state serves to
the native and activated conformational states of antithrombin orient the pivotal Lys114 residue for optimal binding of the
and only the ability of heparin to alter the equilibrium pentasaccharide. This stabilization of the P helix was
between these states. mediated by hydrogen bonds between the N-terminal Arg24
The heparin pentasaccharide binding defect in W49K and both Glu113 and Asp117 on the helix.
antithrombin was found to be due principally to a loss of
nonionic interactions, although the loss of a single ionic
interaction additionally contributed to the affinity loss at pH
7.4 but not at pH 6. Decreasing the pH from 7.4 to 6 has
been shown to enhance the heparin-binding affinity of wild-

The effects of the Trp49 to lysine mutation may likewise
involve an indirect role of this tryptophan in stabilizing the
changes in the secondary structure that accompany confor-
mational activation. A comparison of the structures of free

tvpe antithrombin by increasing the ionic contribution to the antithrombin in the native conformation and pentasaccharide-
yp y 9 bound antithrombin in the activated conformation (Figure

binding 32). The additional ionic interactions made by the i ;
pentasaccharide at pH 6 could disfavor nonproductive modesS) suggest that Trp49 may stabilize the conformational

o . ", changes in the A helix, which are responsible for orienting
of _bmdmg p.errrlutted at pH 7.4 by the_ pqsmvely. Ch?fged Arg46 and Arg47 for binding the pentasaccharide. These
lysine substitution. The observed nonionic contribution to

the affinity loss may thus more accurately reflect a pH- changes involve a substantial rearrangement of the helix that

. o) : ) cause a repositioning of Trp49, Glu50, and Lys53. Notably,
m_de_pendent contribution of_ the Trp49 side chain to the the indole ring of Trp49 flips to position Trp49 and Lys53
binding of the pentasaccharide.

Rapid kinetic studies showed that the heparin-binding for a favorable cationr interaction, and Glu50 undergoes

defect in W49K antithrombin minimally involved the initial gis?:Jmlliﬁrn ﬂ(')Ff)p;]gS;I Lt)‘?l ds'gew?tr;]a'z’ Svgg'ci?] iﬁgsizﬂg]:
low-affinity binding of heparin and was largely due to effects fp i d est bl'gh y hvd “bondi
on the subsequent heparin-induced conformational activationcontormation r?ns iiza. |shes a Inefvv ydrggﬁnl_ or_:_hlng
step. Interestingly, the initial binding step showed a some- Interaction wit | Er n t gdnewyé é)rme ebIIX. r?f
what enhanced affinity for binding the full-length heparin Trp49 structural change is evidenced by a 15 nm blue s '.t
but normal affinity for the pentasaccharide. This suggests and enhancement of Trp49 fluorescence upon heparin

that the lysine substitution does have a small positive effect gct;\éation OI thef i,[?]hi?]itgr‘rel)' wglicré_can .?e accm;rt];ed_ fgrl
on the initial weak largely electrostatic binding of the longer y the transter ot the hydrogen-bonding nitrogen ot In€ indole

heparin because of its proximity to negatively charged ring from a solvent exposed to a buried position after flipping

saccharide residues extending from the reducing end of theOf the ring @3). The replace_ment of 'I_'rp_49 With a Iy.sine
pentasaccharide. However, it does not fully explain the can thus be expected to abolish the catiarinteraction with

reduced binding defect observed with the full-length heparin Ly553'as well as infroduce an unfavorable., chargearge
because the full-length heparin also had a smaller effect thanrepulsmn between these residues in the activated state. These

the pentasaccharide on the second conformational activatiorﬁgﬁgtivﬁ%“geirnliuzrr;:%d;ﬁgrt?ﬁeaggtgiIﬁ;%;”t?]%tg Tﬁirxogen

step. The overriding effect of the W49K mutation on the
second conformational activation step involved a modest The importance of Trp49, Glu50, Lys53, and Ser112 in
reduction in the rate constant for conformational activation heparin activation is supported by the high degree of
but a substantial increase in the rate constant for reversal ofconservation of these residues in the 13 vertebrate antithrom-
conformational activation. The major effect of the Trp49 bins that have been sequenca®)( Glu50 is absolutely
mutation is thus to decrease the stability of the activated conserved in all known sequences, whereas residue 49 is
conformation, principally by increasing the rate at which the Trp and residue 53 is Lys or Arg in all cases except for the
activated conformation reverts back to the native conforma- frog. In frog antithrombin, residues 49 and 53 are Tyr and
tion. Comparisons of the effect of the Trp49 mutation with GIn, consistent with a hydrogen-bonding interaction replacing
that of other heparin-binding site mutations indicate that the cation-z interaction in this activated antithrombin.
Trp49 is less important than the three major heparin contactSer112 is conserved in all cases except for two species, which
residues, Lys114, Lys125, and Argl29, which contribute have a lysine, but such a replacement would still allow a
~50, ~25—-33, and~28—35% of the total binding energy  favorable interaction with Glu50.
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A
D helix

A helix
L2 w49

KS3

S112

P helix

Ficure 5: Orientation of Trp49, Glu50, Lys53, and Ser112 in the
native form (A) and the allosterically activated form (B) of
antithrombin. The pentasaccharide-binding site is formed by helices
A, D, and P. The structure of pentasaccharide has been omitted in
B for clarity. Side chains of Trp49, GIu50, Lys53, and Serl112 are
shown in ball-and-stick representation (carbon in gray, nitrogen in
blue, and oxygen in red). Flipping of the Trp49 indole ring in the
allosteric activation of the serpin facilitates the formation of a W49
K53 cation-x interaction and S112E50 hydrogen bond-{- in

B) in the activated state, following a disruption of the KS350

salt bridge present in the native state (n A). See the text for
details.

Because our results indicate that a loss of nonionic
interactions is largely responsible for destabilizing the
activated conformation of W49K antithrombin, the lysine

replacement cannot alter the structure of the activated state

in a manner that significantly affects the interactions of basic
residues. The major pH-independent effect of the mutation
on nonionic interactions implies that unfavorable interactions
are likely to be introduced in the activated state by the loss
of the cation- interaction between Trp49 and Lys53 and
the introduction of an unfavorable, chargeharge repulsion
between Lys53 and the substituted lysine in W49K anti-
thrombin. Replacing the Trp49 side chain with other non-
aromatic residues would also be expected to disrupt the
Trp49-Lys53 cationr-zr interaction without introducing
charge-charge repulsion and allow an assessment of the
contribution of this apparently highly conserved interaction

Biochemistry, Vol. 44, No. 35, 20091667

in stabilizing the activated conformation of helix A. The
conservative replacement of Trp49 with Phe was found to
have minimal effects on heparin binding and activation of
the inhibitor or on the stability of the protein in a previous
study @1), but the Phe replacement would be expected to
retain the cationr interaction and account for the minor
effects on activation. Further mutagenesis studies will be
required to confirm our proposed role of Trp49 in mediating
heparin activation of antithrombin.

In conclusion, the Trp49 residue was found to play an
important role in heparin activation of antithrombin. Mutation
of Trp49 to Lys resulted in substantial losses of ionic and
nonionic interactions, while impairing the conformational
activation step in the heparin activation process. The impair-
ment could be accounted for by the disruption of a network
of interactions involving Trp49, Glu50, and Lys53 of helix
A and Serl112 of helix P, which stabilize the activated state
of serpin. This work puts forward for the first time this
network of interactions, which can be put to test through
additional mutagenesis experiments. Although, no natural
mutations of Trp49 appear to be known, the magnitude of
the binding defect is greater than that of Arg47, of which
several natural mutations have been reported and found to
predispose individuals to thrombotic conditior#4{47).
Therefore, if a nonconservative Trp49 mutation was to occur
naturally, one would expect a similar thrombotic phenotype.
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